An alternate approach is to use this apparently non-unique-setting magma type to 73 highlight a potentially common influence upon the lithosphere, regardless of tectonic 74 setting. Intriguingly, many A-type magmatic systems occur during the final stages of 75 whichever tectono-magmatic expression they are a part of, and usually precede long 76 periods of relative inactivity (e.g. Goodge and Vervoort, 2006; Puura and Flodén, 77 1999; Rämö and Haapala, 1995) . Are A-types a cause, or effect, of a strengthened 78 lithosphere? If a common influence is discovered, A-type magmas may have greater 79 utility in geodynamic models.
element ratios similar to ocean island basalts (OIB), and form via crystal fractionation from melts of the same sources. A2 are those that display geochemical affinities with post-collisional continental or island arc crust, and have been suggested to form by partial melting of a previously I-type-granite-depleted lower crust (e.g. Clemens et al., 1986) . However, Creaser et al. (1991) suggest this residual-source model is unlikely to account for all the mineralogical and geochemical observations. These authors demonstrated that A-types could be generated by partial melting of an undepleted, water poor crustal source with tonalitic-granodioritic composition. For a recent review of A-type petrogenesis, see Dall'Agnol et al. (2012) .
Such geochemical variations within the group of granitoids termed ‗A-type' imply significantly different genesis in terms of their source, the degree of melting involved, and therefore thermal gradient. However, the most important factors in terms of physical properties of A-type felsic liquids; high temperature, alkali-rich major element chemistry, concentration of water (low) and halogens (high), are key characteristics of the group. Further, the corollary is that the material left behind during A-type extraction by either partial melting or fractionation will also bear a chemical resemblance to each other (Turner and Rushmer, 2009) , which implies similar physical properties.
Importantly, the volume of material that is either cumulate or residue is also predicted to be relatively similar. For instance, Turner et al. (1992) modeled some Atypes as the product of ~90% crystallization of a contemporary tholeiitic magma. The residual volume after extraction of an A-type liquid by partial melting is identical if the source is basaltic (Turner and Rushmer, 2009 ). Rocchi et al. (2009) estimated that ~20% partial melting of intrusive lamprophyres at the base of the crust could produce the observed A-types (albeit not strictly anhydrous in this example). In both instances the formation of a depleted mafic body at depth is implied. The key difference is that A-types formed by extreme (closed system) fractionation require a coeval volume of Determining the source of A-type magmas Radiogenic isotope ratios from A-types are most often juvenile (e.g. Kemp et al., 2009; Turner and Foden, 1996; Turner et al., 1992 ) -although not in every case (e.g. Huang et al., 2011 )-and thus A-type magmas have been attributed with forming new granitic continental crust (c.f. recycling/maturation of older continental crust via I-and S-type magmatism; Villaseca et al., 2012) . However, in many cases juvenile isotope ratios can also explained by the partial melting of juvenile crust and enriched mantle, and variable hybridization between these coeval magmas (e.g. Rutanen et al., 2010) .
Traditional debate of A-types surrounds the role of mantle contributions to the crust over time, historically assessed by Nd-, and more recently Hf-isotope systems (e.g. Kemp et al., 2009 ). Both these systems reflect lithophile behaviour, but potentially may misrepresent a suspected mantle component, due to inheritance via magma assimilation or mingling (e.g. Pankhurst et al., 2011c) . The Lu-Hf system broadly approximates the Sm-Nd, however due to the relative difference in D values, the Lu-Hf system is less affected by AFC processes (following the models of DePaolo, 1981) . A distinct advantage for our purposes is that Hf in A-types (as in other granitoids) is primarily located within zircons. Thus inheritance of Hf can be clearly delineated through combined analysis with U-Pb geochronology. Zircons in granitoids contain Hf in concentrations of up to a few wt%, and contain comparatively little Lu (median = 150 ppm; Belousova et al., 2002) that would otherwise represent a source of uncertainty. Thus the initial Hf isotope ratio of the equilibrium liquid is preserved within magmatic zircon. Importantly, ingrowth of radiogenic Hf can be accurately age-corrected by U-Pb isotope analysis of the same region of zircon (Belousova et al., 2009) .
A novel approach to the problem of A-type source regions is to utilise the Re-Os system. The 187 Os decay scheme is most commonly used to inform siderophile and chalcophile element, and hence mantle, behaviour (e.g. Schaefer et al., 2010) .
However, very high Re/Os ratios in continental crust also make this system a very sensitive monitor of crustal contributions to mantle derived magmas (e.g. Shirey and Walker, 1998) . For example, average continental crust is ~20 times more radiogenic than chondrite, and ancient lithospheric mantle contains subchondritic Os isotope ratios (Schaefer et al., 2000) . A combined approach, using both
Lu-Hf and Re-Os as a tool for mantle and crustal contributions to magmas, is underutilized despite this value (see Johnson et al., 1996) .
Geologic Setting:
Undeformed plutons and associated volcanics of the Padthaway Ridge, southeastern South Australia, occur as an arcuate chain of A-type bodies that extends for ~300 km (Fig. 1a) . These magmas represent the final tectono-thermal expression of the Delamerian Orogeny (~514-490 Ma; Foden et al., 2006) , the first of a series of eastward-younging orogenies accreted to then Gondwanan margin, driven by a suprasubduction system (e.g. Kemp et al. 2009 ) The A-types are hypothesised to have formed when convective removal of overthickened lithospheric mantle led to rapid exhumation of the fold belt (Turner et al., 1996b) . Post-convergent extension is argued to have allowed mafic melts to ascend to shallow depths, where closed-system crystal fractionation, involving olivine, pyroxenes, plagioclase and Fe-oxides took place , without significant crustal assimilation (Foden et al., 2002b) . The predicted large volumes of intrusive mafic equivalents and cumulates are consistent with the presence of a gravity and aeromagnetic anomaly coincident with the Padthaway Ridge (e.g. Kennedy, 1989) .
Immediately west of the rocks of the Delamerian Orogeny is the Tasman Line, a largely inferred lithospheric scale structure dividing western Precambrian Australia from the younger eastern basement successions (e.g. Arroucau et al., 2010) . The closest occurrence of post-orogenic A-type magmatism in Proterozoic terranes west of the Tasman Line is that of the Hiltaba Event (1600-1560 Ma; Betts et al., 2002) , which represents the last tectono-thermal episode of the central Gawler Craton (Fig.   1b ) (Betts and Giles, 2006) .
The Hiltaba Event is characterized by rapid, high temperature, voluminous and widespread bimodal A-type magmatism into and across a basement of Palaeoproterozoic and Archean rocks (Blissett et al., 1993; Pankhurst et al., 2011b) .
The voluminous Gawler Range Volcanics (GRV) were emplaced within 2 Myr at   220   221   222   223   224   225   226   227   228   229   230   231   232   233   234   235   236   237   238   239   240   241   242   243   244   245   246   247   248   249   250 1592 ± 2 Ma (Creaser, 1995; Fanning et al., 1988) , extend for >25,000 km 2 (Blissett et al., 1993) and are overwhelmingly felsic (Allen et al., 2003) . Basalts and basaltic andesites outcrop in just a few localities (Allen et al., 2008) . Hiltaba Suite granitoids are considered the shallow intrusive equivalent to the GRV, crop out across much of the Gawler Craton, and span a longer time interval of emplacement, 1598 ±2 to 1583 ± 7 (Flint, 1993) . These granites display a provinciality in terms of Nd isotopes (Creaser, 1995) , which are suggestive of appreciable crustal involvement, supported by the observation of inherited zircon cores (e.g. Creaser and Fanning, 1993 and references therein).
Together the GRV and Hiltaba Suite Granitoids comprise the Gawler Felsic Large
Igneous Province (FLIP). A large, elliptical, gravity high is coincident with the main GRV province (see data in Rajagopalan et al., 1993) , which is consistent with significant volumes of mafic material predicted to exist at depth (Stewart, 1994) . This anomaly was modeled by Phillips (2006) who filtered shallow sources and concluded the source of the gravity high was present at mid crustal levels.
The Gawler FLIP was preceded by ~10-20 Ma of crustal shortening, termed the Wartarkan Orogeny, that took place immediately after arc magmatism on the southern
Gawler Craton margin ceased (Stewart and Betts, 2010b) . The geometry of this arcrelated calc-alkaline magmatism, and that of the Musgrave arc to the north, places the Gawler FLIP within a post-back-arc environment (Swain et al., 2008; Wade et al., 2006) . Betts et al. (2009; used a synthesis of geologic, geochronological and geophysical data to propose a model that describes a plume head arrival as triggering the voluminous A-type magmatism, and progressed as hotspot-like magmatism across the eastern terranes of Proterozoic Australia. This plume-head-modified subduction was modeled by Betts et al. (2012) , who found that the switching-off of subduction magmatism, and compression in the overriding plate, was likely due to trench advance, and not flat subduction. In their model, the buoyant plume head opened a window in the subducting slab, and was therefore able to interact with the overriding plate, without major reorganization of the subduction zone. The Delamerian A-type system is represented in this dataset by two granites, (Marcollat and Seismograph), a rhyolite (Mt. Monster Porphyry), and a coeval peridotite cumulate (Black Hill peridotite), encompassing ~300 km of orogenic strike length, see figure 1a . Details of these samples can be found in Turner et al. (1992) and Turner, (1996) . We also analysed a representative sample of the ca. 525 Ma Truro Volcanics, which are small volume strongly undersaturated alkali basalts that erupted immediately prior to the Delamerian Orogeny (see Forbes et al., 1972; Turner and Foden, 1990) , for Re-Os. This allows a comparison to be made on the nature of the lithospheric mantle, in terms of Re-Os, before and after the orogeny.
The Gawler FLIP is represented by the most mafic portions of the GRV accessible.
They are from across the central Gawler Craton, and provide a ~350 km wide footprint, to assess source homogeneity, see figure 1b. In-situ zircon analysis Zircon fragments and complete crystals up to ~210 µm from the Marcollat Granite (n=33) and Mount Monster Porphyry (n=35) were separated, hand picked, mounted in resin, and polished. The structure of the zircons were assessed by cathodoluminesence (CL) and back-scattered electron (BSE) imaging using a Cameca SX100 Electron Microprobe (EMP), which was also used to analyse ~1µm spots upon the grains for major elements, see figure 3.
A New Wave UP-213 laser ablation system (5 Hz repetition rate, 30 µm spot size, λ=213 nm) with a small format cell was used to ablate the grains, and an attached Re-Os methodology follows that of isotope dilution techniques described in Gregory et al. (2008) . Whole-rock powders for each sample were spiked for Re and Os and digested in inverse aqua regia (8 ml 16N HNO 3 , 4 ml 12N HCl) by carius tube dissolution followed by solvent extraction using the methods of Shirey and Walker (1995) and Cohen and Waters (1996) as described in Lambert et al. (1998 Lambert et al. ( , 2000 .
Rhenium was purified following Os extraction using anion exchange chromatography (Lambert et al. 1998) . Osmium was analysed by N-TIMS on either a ThermoFinnigan Triton at Macquarie University, Australia or at the Open University, UK.
The Os samples were loaded onto Pt filaments and analysed using a combination of peak hopping or static collection depending on beam intensity for a minimum of 100 ratios and more typically 250.
Rhenium was determined using a Nu-Plasma multi-collector inductively coupled plasma mass spectrometer (MC-ICPMS) at the GAU or the Open University. A Re standard solution was analysed every five samples to monitor drift and fractionation. 1996) .
Results
In-situ U-Pb and Lu-Hf data from the Marcollat and Mt. Monster samples are presented in Table 1a and 1b respectively. In-situ trace element data from the Mt
Monster zircons is also presented in Strong oscillatory CL zoning is ubiquitous in the Marcollat Granite zircons (Fig. 2a) , as is almost total absence of macro-inclusions, see Pankhurst (2012) . Where geochronological information was obtained on both a core and rim, U-Pb ages are within error of each other, and common Pb correction was not required (Table 1a ).
The age of the Marcollat Granite is determined to be 480 ±2.5 Ma n=28 (Fig. 3a) .
The Mount Monster Porphyry zircons typically have metamict and/or fractured cores and cleaner rims (Fig. 2b) . The often complex fracturing resulted in U-Pb ages that are mostly discordant, probably due to a combination of both Pb-loss and presence of common Pb (Fig. 3b) surface, given the absence of an age peak in regional sedimentary zircon data (Ireland et al., 1998) , thus we propose the existence of deep crustal Archean rocks, equivalent to the ~3.1 Ga Cooyerdoo Granite of the eastern Gawler Craton (Fraser et al., 2010) and/or Archean-derived rocks at significant depth. A single inherited concordant zircon is dated at 519 ±6 Ma, which may indicate the Marcollat Granite has interacted with Truro Volcanics aged material. However, significant crustal contamination to the granites is ruled out by Os isotope constraints, discussed in a later section.
Hf isotope constraints
The maximum recorded εHf i of the Marcollat and Mt. Monster samples (+10.4 and +17.5) approach values for the contemporary depleted MORB mantle (DMM) ( (Fig. 5) , which may indicate an assimilation process similar to that described by Heinonen et al. (2010) . However, unlike Heinonen et al.'s (2010) data that define smooth trends, our data contain many instances of different Mingling of mafic and felsic magmas is observed within the Padthaway Suiteand indeed in many A-type magmatic systems-most evident where swarms of mafic enclaves occur within granites and show varying degrees of hybridisation (e.g. Holden et al., 1991; Turner and Foden, 1996) . This causes additional complexities to the interpretation of whole-rock isotope ratios. Pankhurst et al. (2011c) The resulting magmas (containing isotopically distinct titanite crystals) were readily mixed due to similar viscosities. A similar process produced granites containing chemically similar yet isotopically dissimilar titanite crystals, which also mixed readily. Mingling occurred between the granite and mafic magmas due to different viscosities at comparable temperatures (Turner and Foden, 1996) . This model, suggestive of complex, multi-sourced and multi-staged processes could plausibly result in a wide spread of initial 176 Hf/ 177 Hf values within zircons, dependent upon the source of melting, and crystallisation conditions each zircon.
Initial Hf isotope ratios from Gawler FLIP samples are range from -1.73 to +4.95.
Crustal contamination is likely to play a limited role in contributing to these isotopic ratios, since the bulk rock compositions are relatively primitive (46.5 -53.6 wt% SiO 2 , 4.43 -7.1 wt% MgO). The more mafic Gawler FLIP samples contain more evolved Hf isotope ratios, which suggest their source was also evolved (Fricke, 2005) relative to depleted mantle, consistent with a plume-like source (e.g. Nelson et al., 2012 Os concentration is consistent with the ~90% fractionation from a mafic mantle melt to produce the granitic compositions Os i of the felsic samples support a petrogenesis dominated by closed system fractionation at high crustal levels, effectively bypassing an evolved lower crustal source.
Mt Monster is the only felsic sample which may contain up to a maximum of ~2% contamination ( Fig. 6a ) prior to fractionation, and intriguingly, this is the sample that contains the 3.1 Ga zircon core. The most radiogenic of the Delamerian samples is the Black Hill Peridotite, which on these models can be accounted for by assimilating a maximum of 5% crust. Since the Black Hill Peridotite is a significantly larger body than the Marcollat and Seismograph Granites (Turner, 1996) , it presumably spent more time at temperature in the crust, and therefore a greater degree of crustal assimilation is predicted.
Significantly, the other Delamerian samples are subchondritic, and therefore potentially record heterogeneities in the magma source. Such Os signatures are confined almost exclusively to the mantle, and therefore we interpret the primary magmatic source for the Delamerian A-types as the lithospheric mantle with only minor crustal modification. This is consistent with the conclusions of Foden et al. (2002b) .
In contrast, the Gawler FLIP samples are highly variable and radiogenic Initial Hf isotope data contains examples of DMM-like ratios, although most examples are less radiogenic (Fig. 4) . Importantly, none are less radiogenic than CHUR. The spread of initial Hf isotope values appear to be unrelated to straightforward assimilation of cooler, evolved material (Fig. 5) , and since the Os data rules out crustal contamination (Fig. 6a) , this spread is most likely to reflect mantle source heterogeneity.
The sub-chondritic Os values must reflect a lithospheric mantle source, since contemporary DMM is more radiogenic (see Fig. 6a ). The significant heterogeneity of the source, as required by the spread of Hf data on the positive side of CHUR (Fig. 4) , must therefore have been within the lithospheric mantle. Thus a source dominated by material from heterogeneous lithospheric mantle is constrained by the combination of lithophile and chalcophile systems within the Delamerian A-types.
The rarity of DMM-like Hf isotope ratios recorded by zircons, and the subchondritic Os isotope ratios argue strongly for a dominant lithospheric mantle source.
The range in both Hf and Os isotope ratios are consistent with a variably enriched and heterogeneous lithospheric mantle, potentially due to metasomatic processes during the preceding orogenesis. This interpretation is consistent with both Turner et al.
(1992) and Foden et al. (2002b) who also invoked a metasomatised lithospheric mantle source for the Delamerian A-types on the basis of major and trace element and Sr and Nd isotope constraints.
Initial Hf isotope ratios from the Gawler FLIP samples are similar to those of the Delamerian, as they cluster at the radiogenic side of CHUR. In terms of lithophile elements, both the Gawler FLIP and the Delamerian A-types point to a dominant mantle component. Such a source for the Gawler province has been suggested on the basis of high magmatic temperatures (950-1100 °C) and Nd isotopes (Stewart and Foden, 2001 ). However, distinct provinciality, reflecting variable and significant assimilation of crust on a pluton scale has been described (e.g. Swain et al., 2005) . In support of a significant crustal contribution, the initial Os isotope ratios are extremely For instance, Puura and Flodén (1999) describe the well-studied 1.65-1.50 Ga rapakivi magmatism of the Svecofennian Domain as being directly related to crust thickened by the ~300 Ma older Svecofennian Orogeny. This gravitationally unstable crust is the driver of mantle diapirism, which causes major crust and mantle melting, producing the A-type magmas. The magmatism effectively stabilizes the lithospheric column by resetting the Moho depth and thinning the crust (Puura and Flodén, 1999) . and S-type granite record (Kemp et al., 2009 ). These observations imply the same process occurred to terminate each of these Phanerozoic orogenies, and promoted later deformation outboard to continue the cycle. We have progressed the work of Kemp et al. (2009) to include the Delamerian A-types. Our data definitively establish that the source of these magmas is a heterogeneous lithospheric mantle. Whole-rock Os isotope data from the A-types of the subsequent Tasminides would serve as an authoritative test of whether the same sources were melting at the closing stages of each orogeny, and therefore the same processes were operating to terminate each orogeny.
Our isotopic evidence from the Delamerian suggests that a heterogeneous lithospheric mantle was the most important source of the magmas. The magmatic system produced high-crustal level granites that were ultimately sourced from various portions of the underlying mantle, representing a significant homogenizing influence across the lithospheric column. This process may have been driven by convective removal of orogenic-thickened lithosphere (Turner et al., 1996b) , which represents a fundamental change in the orogenic stress field, terminating the Delamerian Orogeny.
We suggest that the homogenizing influence of the A-type magmatic system promoted, and potentially drove, local strengthening of this lithosphere via chemical and therefore physical reorganization/resetting, which directed future deformation outboard.
The decoupling of the Hf and Os isotope systems implies the Gawler FLIP was produced from a number of sources. Radiogenic initial Nd and Hf isotope ratios strongly argue for a mantle source, which is consistent with the prevailing plumehead-arrival model for the province as a whole (Betts et al., 2009 ). However, an evolved source must also contribute significant material in order to dominate the Os budget, which is consistent with the observed skewing of Hf isotope values towards CHUR. Future work characterizing the Os isotope signature of Gawler Craton crustal rocks is required to constrain whether the source of the radiogenic Os is crustal, or can be attributed to highly metasomatised portions of the lithospheric mantle. This determination has implications for the degree of source heterogeneity within the Gawler FLIP. In either case, the source of Os is clearly different from that of the Delamerian samples.
The Gawler FLIP contains both mantle and crustal isotopic signatures, which points to a significant depth range of melting and operation of the magmatic system. 
Conclusions
The Delamerian and Gawler FLIP A-type systems have numerous similarities. They share distinctive chemistry and produce bimodal provinces characterized by high temperature (≤ 1100º C) shallow granites and rheoignimbrites/lavas and mid-crustal mafic intrusions. They both define 1) transient periods of anomalous thermal gradients, 2) the terminus of their respective orogenies (Delamerian, Wartakan), and
3) have occupied stable lithospheric blocks since. These observations suggest a common tectono-magmatic process.
There are also important differences. The Delamerian system has a comparatively small total volume, and its architecture is relatively long and narrow. The Gawler FLIP has a large total volume, and its architecture is elliptical. These features, independent of chemistry or source, are consistent with normal supra-subduction zone dynamics producing the Delamerian Orogeny (Kemp et al., 2009) Os is due to high Re/Os metasomatic agents (such as subduction fluids; Widom et al., 1999) A CHUR t = 0 value of 0.282772 and 176 Lu/ 177 Hf ratio of 0.0332 (Blichert-Toft and Albarède, 1997) was used to calculate εHf. Hf isotope ratios with no direct corresponding major element analysis were corrected using the data from within the same grain. a Data from the same spots analysed, see Pankhurst (2012) . 
